A range-resolved interferometric signal processing technique using sinusoidal optical frequency modulation is applied to fibre segment interferometry. Here, six optical fibre segments of gauge length 12.5 cm are used as interferometric strain sensors and are formed between seven weak, broadband fibre Bragg gratings, acting as in-fibre partial reflectors. In a very simple and cost-effective optical setup using injection current modulation of a laser diode source, interferometric measurement of acoustic wave propagation in a metal rod is used to demonstrate the capabilities of the technique.
INTRODUCTION
Range-resolved interferometric signal processing techniques based on optical frequency modulation exploit the proportionality of the induced phase excursion on the optical path difference (OPD) to separate return signals based on their range. Previous approaches include the well-known pseudoheterodyne technique [1, 2] , using linear or sawtooth optical frequency modulation, which has been employed for range-based multiplexing of interferometric fibre-coupled displacement sensors [2] , or sinusoidal optical frequency modulation, which contains only one frequency component and is thus simpler to implement [3] [4] [5] . For the latter, the sinusoidal phase-generated carrier method [3] has been used widely, but is not range-resolved and cannot multiplex interferometers using a single source and photo detector. Using sinusoidal frequency modulation in conjunction with rectangular gating [4, 5] , however, allows interferometric sensors to be multiplexed [5] . In general, previous linear and sinusoidal range-resolved interferometric techniques [2, 5] have required the use of integer ratios between the OPDs of constituent interferometers for proper operation, leading to high positioning tolerances as well as leaving measurements susceptible to crosstalk from parasitic or unintended signal sources that do not adhere to the integer OPD ratio requirement. In contrast, a recently developed sinusoidal technique [6] , using a smooth window function instead of rectangular gating, permits continuously variable OPD placement of the signal sources, with no apparent penalty in linear operation or crosstalk as long as a minimum OPD separation between the constituent interferometers is observed, greatly increasing the practicality of the approach. In this work, this novel range-resolved signal processing approach [6] is applied to fibre segment interferometry (FSI), where optical fibre segments are formed between in-fibre partial reflectors and are interrogated in a low-finesse FabryPerot setup. Phase measurements from each segment are then obtained by subtraction of the partial reflector signals, resulting in an array of long-gauge length interferometric sensors that integrate any OPD-induced phase changes due to strain, temperature etc. This approach was developed originally for hydrophone applications [7] and past implementations have been based mainly on time-division multiplexing [7] [8] [9] or code-division multiplexing [10] . When this new signal processing approach [6] is applied to FSI, the setup of the interrogation unit is simplified considerably, employing no external modulator, and the minimum resolvable fibre segment length improves significantly, reducing from many metres, as reported in prior work [7] [8] [9] [10] , to tens of centimetres as demonstrated here. Furthermore, the use of low-reflectivity, broadband fibre Bragg gratings (FBGs) [9] , all inscribed at the same wavelength, to act as partial infibre reflectors eliminates the need for splices [7, 10] or couplers [8] to define the segments within the sensing fibre.
SIGNAL PROCESSING
The novel signal processing approach [6] employed in this work uses a sinusoidal optical frequency modulation waveform of modulation frequency . As illustrated in Fig. 1(a) , this waveform has a peak optical frequency excursion ∆ and is centred around optical frequency . of the undesir t is used, are p n non-idealiti n Fig. 3 , which is mainly attributed to the phase noise properties of DFB type laser sources [12] . These phase noise levels equate to a dynamic strain sensitivities [10] of 0.2 nε • Hz . for a 12.5 cm fibre segment, which compare well to widely used FBG strain sensing techniques with dynamic sensitivities of several nε • Hz . [13] , especially considering the high data rates of at least 98 kHz that are possible using this approach. It is also worth noting that in FSI, strain data is integrated over the whole gauge length of the sensor, reducing the impact of localized disturbances [14] and leaving no sensing gaps, which could be advantageous in damage detection applications or vibration based condition monitoring [15] . Furthermore, there are no moving parts or components that require precise alignment, promising very robust interrogation units that could also be integrated easily into moving frames of reference.
CONCLUSION
A novel range-resolved interferometric signal processing technique has been applied to the multiplexing of fibre optic long-gauge length strain sensors. Using a very simple optical setup, measurements of six fibre segments of length 12.5 cm, formed between seven FBGs acting as in-fibre partial reflectors, were demonstrated. Phase noise levels of 0.2 mrad • Hz . , at data rates of 98 kHz, were achieved with equipment cost in this prototype totaling below $5k.
